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ABSTRACT 



We present multi-band photometry and multi-epoch spectroscopy of the pe- 
culiar Type la supernova (SN la) 2007qd, discovered by the SDSS-II Supernova 
Survey. It possesses physical properties intermediate to those of the peculiar 
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SN 2002cx and the extremely low-luminosity SN 20081ia. Optical photome- 
try indicates that it had an extraordinarily fast rise time of < 10 days and a 
peak absolute B magnitude of —15.4 ± 0.2 at most, making it one of the most 
subluminous SN la ever observed. Follow-up spectroscopy of SN 2007qd near 
maximum brightness unambiguously shows the presence of intermediate-mass 
elements which are likely caused by carbon/oxygen nuclear burning. Near max- 
imum brightness, SN 2007qd had a photospheric velocity of only 2800 km s~^, 
similar to that of SN 2008ha but about 4000 and 7000 km s^^ less than that of 
SN 2002cx and normal SN la, respectively. We show that the peak luminosities 
of SN 2002cx-like objects are highly correlated with both their light-curve stretch 
and photospheric velocities. Its strong apparent connection to other SN 2002cx- 
like events suggests that SN 2007qd is also a pure deflagration of a white dwarf, 
although other mechanisms cannot be ruled out. It may be a critical link between 
SN 2008ha and the other members of the SN 2002cx-like class of objects. 

Subject headings: supernovae: general — supernovae: individual (SN 2007qd, 
SN 2008ha, SN 2002cx, SN 2005hk) — galaxies: individual (SDSS J020932.73- 
005959.8) 



1. Introduction 



For decades. Type la supernovae (SN la) have been interpreted as thermonuclear explo- 
sions that result from eit her accretio n onto a degenerate white dwarf or via coalescence of 
two degenerate stars; see iLivid (J2000l ) for a thorough review. Models that begin fusion sub- 
sonically and the n turn into a detonation are best at matching observations of typical SN la 
(JKhokhlovl Il99ll ) . Synthesized intermediate- mass elements (IMEs) like silicon and sulfur in 
SN la spectra are the result of C and O burning at low densities due to the pre-expansion 
of the white dwarf during the deflagration phase. The deflagration turns into a detonation, 
and the combination of the two produces a significant amount of ^^Ni, the decay of which 
powers the light curve. 

SN la show a range of energies and spectral characteristics, but the majority of them 
are quite homogeneous when compared with other supernova types. The relative unifor- 
mity amongst SN la explosions has allowed their exploitation as cosmic standard can- 



dles, and observed c orrelations b etween light-curve shape, peak lum inosity (jPhillipsI Il993 



Hamuy et al.l Il996a] ) , and color (JRiess et al.l Il996l : iGuy et al.l 120071 ) have enabled the pre- 
cise measurement of cosmologically interesting distances. It is with these measurements, 
taken over a range of redshifts, that estimates of the Hubble parameter [Hq) and cosmic 
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matt e r density have been r efined (Hamuv et al.l Il995l : iRiess et al.l Il995t iGarnavich et al. 



Riess et al 



Perlmutter et al.lll999h 



20091 



I), and evidence for dark energy was revealed 



The Sloan Digital Sky Survey-II (S PSS-II) Supernova Survey was designe d to further 
improve SN la as distance indicators (JFrieman et al.l l2008l : ISako et al.l |2008|). Covering 
a 300 deg^ area with a rapid cadence, the survey discovered and spectroscopic a lly con - 
firmed roughly 500 S N la o yer a range of redshifts out to z ~ 0.4. iKessler et al.l (l2009al ). 
Lampeitl et al.l ( l2009l ). and ISoUerman et al.l ( l2009l ) used the first year of SDSS-II data to 
constrain the dark energy equation-of-state parameter w = P/{p(?), and analyzed the sys- 
tematic errors limiting the cosmological measurements. 

Identifying the progenitors of SN la and better understanding their explosion mecha- 
nism may improve their reliability as distance indicators. One approach is to study events 
that do not conform to the general SN la homogenei ty in their spectra or luminosity. Sub 



classes of SN 1991T-like (hereafter referred to as 91T:lFilippenko et al.lll992bl: iPhillips et al. 



1992h and SN 1991bg-like (hereafter 9 Ibg ; iFilippenko et al.lll992al : lleibundgut et al. 



1993 



Turatto et al.lll996t IGarnavich et al.l 120041 ) events were quickly recognized as being pecuhar, 
although much of the sp ectroscopic diversity is now known to be caused by a range of pho- 
tospheric temperatures (JNugent et al.lll995r). Recently, addit ional subclasses o f SN la have 
been identified. For exam ple, SN 2002ic Jflamuv et al.l[2003[ ) and SN 2005gj JPrieto et al. 
20051 : lAldering et al.ll2006[ ) are luminous objects that show hydrogen emission lines in their 
spectra, unlike normal SN la. It is suspected they may be SN la interacting with dense cir- 



cums tellar material, although a core-collapse scenario has also been proposed (JBenetti et al. 
2006h . 



SN 2002cx (hereafter 02cx) was especially peculiar (JFilippenkol l2003l : iLi et al.ll2003l ). 
It showed a hot (9 IT- like) spectrum at early times, but it cooled quickly after maximum 
brightness and its ex pansion velociti es were well below typical for a SN la. 02cx deviated 
significantly from the iPhillipsI (Il993[ ) relation between peak luminosity and decline rate; it 
was subluminous for its light-curve shape by ~ 1.8 mag in the B and V bands. The well- 
observed SN 2005hk (hereafter 05hk) was spectroscopically very similar to 02cx — both 
exhibited photospheric velocities of roughly 7000 km s~^. Photometrically, 05hk was faint 
on th e Phillips relation by ~ 0.6-1.0 mag in the optical, but ~ 0.5 mag more luminous than 
02cx Jphillips et al.lboOTh . 



Jha et al.l (120061 ) have identified several other 02cx-like objects and postulated that their 



extreme subluminosity suggests that they constitute a class of pure thermonuclear deflagra- 
tions: that is, the fusio n front moving thro ugh the white dwarf fails to make the transition 
to supersonic burning (JBranch et al.ll2004l ) and is unable to generate the large amounts of 
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radioactive nickel observed in typical SN la (JFoley et al.ll2009[ ). The thermonuclear burning 
of carbon and oxygen at moderate densities will create IMEs such as silicon, sulfur, and cal- 
cium that domin ate the spectrum. Though typical SN la experience this phase only briefly, 
Jha et al.l (120061 ) reasoned that 02cx-like obj ects may burn co mpletely via this mechanism. 



(For a list of 02cx-like events, see Table 9 of iFoley et al.l 12009 



Which characteristics separate delayed detonations from pure deflagrations? Simula- 
tions of pure deflagration events predict that Ray leigh- Taylor instabili ties will form clumps 



of radioactive nickel and mix unburned material toward the center ( Reinecke et al.l 12002 



Gamezo et al.l |2004J : iTravaglio et al.l |2004J : ISchmidt fc Niemeyerl 120061 ) . Late-time spectra of 



02cx-like events show many permitted iron transitions broken up into thin spikes ( iJha et al. 



20061 ) . indicative of the lower velocities that characterize 02cx-like supernovae. These spec- 
tra also show narrow forbidden lines of Ca II and Fe II, but are quite distinct from normal 
SN la at late epochs, whose spectra are dominated by relatively broad, blended Fe II and 
Fe III lines. Spectra of 05hk > 200 days past maximum have been an alyzed for emissio n 
from unburned C I and O I, but their existence has not been confirmed (ISahu et al.l 120081 ). 



An extremely sub luminous transient, SN 2008ha (hereafter OSha; iFolev et al. 



appears to be an additional member of the 02cx class, although IValenti et al.l (120091 ) have 



20091 ) 



proposed that the extreme nature of OSha (and other 02cx-like objects) is better matched by 
the core collapse of a massive star where most of the synthesized radioactive elements fall 
back to a black ho le. With the discovery of Si II and S II in the early-time spectra of OSha 
( JFoley et al.ll2010l ). that proposition becomes less likely. 



Here, we report photometry and spectroscopy of SN 2007qd (hereafter 07qd). Its ob- 
served properties place it in the 02cx subclass of supernovae, specifically as a member in- 
termediate to 02cx and OSha, linking these objects. We present the photometric and spec- 
troscopic observations of 07qd and compare its unique properties with a range of other SN. 
We estimate the rise time, luminosity distance, and peak luminosity of this peculiar object, 
and we calculate its kinetic energy. Furthermore, we model the spectra to determine the 
velocity and composition of the ejecta and compare these with the findings of other similar 
SN to identify common traits. With this information we predict the synthesized ^^Ni mass 
and determine whether 07qd shares more in common with a thermonuclear deflagration or 
a core-collapse scenario. 
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Observations 



2.1. Photometry 



07qd (JBassett et al.l 120071 ) was discov ered during the SDSS-II Supernova Survey using 
the SDSS Camera on the 2.5 m telescope (JGunn et al.lll998l . l2006l ) at Apache Point Obser- 
vatory The SN was located amidst a spiral arm at a = 02''09™33.56^ 6 = -OrOO'02.2" 
(J2000.0), a projected distance of 10.6 kpc from the nucleus of the SBb/SB c host galaxy 
SDSS J020932. 73-005959.8 centered at a = 02'^09"^32.73^ 5 = -00°59'59.80" JBassett et al. 



20071 ). The reds hift of the host is z = 0.043147 ±0.00004, as meas ured from the SDSS galaxy 
redshift survey (JYork et al.ll2000t lAdelman-McCarthy et al.ll2008l ). Figure [1] shows an image 
of 07qd and its location in its host galaxy. The foreground Milky Way extinc tion in the di 
rection of 07qd is E{B — V) = 0.035 mag as calculated from the dust maps of ISchlegel et al. 
Jl998h . 




Fig. 1. — Image of 07qd (denoted by arrow) relative to its host galaxy in a 105" x 80" window. 
The 90-s unfiltered exposure was taken on MJD 54409.08 with the TNG telescope. 



The photometry wa s calibrated in the standard SDSS ugriz photometric system (JFukugita et al 



1996; Smith et al. 



20021). The flux from the supernova was estimated by using the scene mod- 



eling technique ( JHoltzman et al.ll2008[ ) from individual calibrated images and without spatial 
resampling. Figure |2] shows the SDSS-II light curves in the ugriz bands; the data are listed 
in Table [1] The time of peak bolometric flux for 07qd is not well deflned, but probably 
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occurred within a span of 2 days around maximum apparent f^-band magnitude 20.69 ±0.06 
mag on MJD 54405.39. We base this on both the available u, g, and r data detected on that 
date, and the fact that the u and g fluxes were falling while the r, i, and z fluxes were still 
rising. 



Bassett et al.l (120071 ) noted that the spectrum of 07qd was similar to that of 05hk, so 



we compared their light curves. While the maximum ^f-band apparent magnitude of 05hk 
was g = 16.32 ± 0.02, it achieved a peak B-hand absolute magnitude of Mb = —18.0 ± 0.3. 
This is rather dim for a typical SN la {Mb ~ —19 mag), but ~ 2.6 mag brighter than 07qd 
(see § 3.1). Featured in Figure [2] are the 05hk light curves corrected to the observed frame 
of 07qd. In addition, the brightness of 05hk has been reduced by 2.4 mag to better match 
the peak flux of 07qd and enable their shapes to be compared. Ignoring possible differences 
in dust extinction, 05hk is more luminous than 07qd in all of the SDSS bands, and 05hk 
both rose and declined more slowly in u, g, and r than 07qd. The light-curve widths of the 
two supernovae are similar at near-infrared wavelengths (SDSS i, z), though 07qd shows a 
very slow decline rate at red wavelengths. 05hk also appears to peak later than 07qd as the 
bandpass becomes progressively redder. 

We compared the light curve of 07qd with those of additional supernovae to identify any 
possibly similarity to the Type Ic or II classes. As 07qd rose rather quickly, we compared 
it to other events which shared similar ris e times. We ch ose the fast-evolving SN 19941 



( lYokoo et al.l ll994J : [Richmond et al.l Il996t ISauer et al.l |2006|) , a well-observed prot otype for 
SN Ic not associated with a gamma-ray burst, and SN 1999gi ( iLeonard et al.ll2002[ ). a Type 
IIP (plateau) SN whose absolute B magnitude at peak was similar to that of 07qd (described 
in detail in § 3.1). Figure [3] exhibits the shapes of these light curves in the r band. Though 
the steep rise implied by the 07qd data may be similar to those of a SN IIP or SN Ic, the 
decline of 07qd and 05hk fails to represent the steep drop of SN 19941 or the extended plateau 
of SN 1999gi. In addition, the rise of 07 qd is far faster than that of 05hk and is more similar 
to that of 08ha JPolev et al.l 120091 boioh . 



Figure S] compares the color evolution of 07qd to that of 05hk, and reveals the former 
to be more blue near maximum brightness. Th e colors of normal SN la are fairly well 
established ( jPhillips et al.lll999l : iRiess et al.l 119961 ) and are used to estimate the reddening 
caused by dust in the host galaxy. However, the intrinsic colors of peculiar 02cx-like events 
are uncertain, making the estimation of host-galaxy extinction problematic. 07qd is bluer 
than 05hk, having lower g — r colors of 0.21 ± 0.09 mag and 0.13 ± 0.06 mag at 0.4 and 
1.3 days past B maximum, respectively. This suggests that dust extinction is not the major 
cause of the low luminosity of 07qd compared with 05hk. Additionally, 07qd appears to 
decline slower in the i and z light curves. 



30 
20 

10 



-10 

30 

20 

10 



-10 

^ 30 



=1 



Q 

X 













— 






u 


— 


i ... 


i_.i_.^.-,.:.r.p':' 


- 


_J 

P J:::.-xr.~^.l.r^^ 




— 






<• . 







g - 



— • • — •-■-•■ — ^.,.». 



20- 
10- 

-10 
30 
20- 

10- 



r _ 



■-'^. i- 



JLM 



~1 — 



Oh" 
-10 

30 
20 

10 



-10 

54380 



. — -r- 



z _ 



TT-H--# 



1 



^— *-^— H- : 



54390 



54400 54410 

MJD 



54420 



54430 



Fig. 2. — SDSS apparent light curves of 07qd given in flux-density units. The dashed line 
represents the combined SDSS and CSP light-curve data of 05hk in the observed frame of 
07qd, positioned over the maximum brightness of 07qd, and artificially shown 2.4 mag fainter 
for better comparison of their shapes. With respect to the early nondetections, 07qd clearly 
rose faster than 05hk in the u, g, r, and i bands. Neither light curve has been corrected for 
host-galaxy extinction. 
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Fig. 3.— r-band light curves of SN 19941 (Type Ic, solid line), SN 1999gi (Type IIP, 
dashed line), 05hk (dotted line), and 07qd (data points) given in flux units. SN 19941 
and S N 1999gi have been co nverted to the SDSS r bandpass via conversions utilizing V and 
R by iFukugita et al.l (119961 ) , and all fluxes have been normalized to each maximum. The 
time axis has also been corrected to the rest frame, and each SN arbitrarily shifted in phase 
to best match the rise portion. SN 19941, SN 1999gi, and 05hk are shown without error 
bars for clarity, and the interpolated segments were convolved with a Gaussian full width at 
half-maximum intensity (FWHM) of 2 days. 



2.2. Spectroscopy 

The 3.58 m Telescopio Nazionale Galileo (TNG) in the Canary Islands observed 07qd 
at 3 days after B maximum (see §3.1 for the determination of -Bmax)- The spectrum is 
a composite of three 30-min exposures obtained with DOLORES (Device Optimized for 
LOw RESolution), a low-resolution spectrograph and camera permanently installed at the 
Nasmyth B focus of the TNG. It is equipped with a 2048 x 2048 pixel E2V 4240 thinned, 
back-illuminated, deep-depleted, Astro-BB coated CCD with a pixel size of 13.5 /im and 
a field of view of 8.6' x 8.6' with a 0.252" pixeP^ scale. The spectra were observed with 
the low-resolution blue grism (LR-B, dispersion 2.52 A pixel" ), covering the 3673-7401 A 
range at an airmass of 1.27. A slit of 1.0" width, equal to the average seeing, was used for 
the observations and was aligned with the supernova and galaxy core at a position angle of 
-39.3°. 



The Hobby-Eberly Telescope (HET) at the McDonald Observatory in Texas collected 
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Fig. 4. — The g — r color of 05hk and 07qd for the first two weeks past maximum brightness. 
The large uncertainty in the phase of 07qd stems from the 2-day uncertainty in the time of 
maximum. Neither SN has been corrected for reddening. 



spectra of 20-ni in exposure times utilizing the Marcario Low Resolution Spectrograph (LRS; 
Hill et al.l 119981 ) at 8 and 15 days past maximum. At the prime focus, the LRS employed a 
0.235"pixel~ plate scale with a 1" wide by 4' long slit and covered the 4075-9586 A range, 
though low signal-to-noise ratios severely limit visibility past 8000 A. 

We obtained low-resolution spectra a t 10 days past m aximum brightness with the Low 
Resolution Imaging Spectrometer (LRIS; lOke et al.l 119951 ) on the 10 m Keck I telescope on 



Mauna Kea, Hawaii. The Keck measurement was able to cover bluer wavelengths than the 
other observations, spanning the 3073-8800 A range. For all spectra, standard CCD process- 
ing and spectrum ext raction were p erformed with IRAFlH. The data were extracted using the 
optimal algorithm of iHornd (119861 ). Low-order polynomial fits to calibration-lamp spectra 
were used to establish the wavelength scale, and small adjustments derived from night-sky 
lines in the object frames were applied. We employed our own IDL routines to flux calibrate 
the data and r emove telluric lines using the well-exp osed continua of spectrophotometric 
standard stars JWade fc Hornelll988l : Folev et al.ll2003h . 



^IRAF: the Image Reduction and Analysis Facihty is distributed by the National Optical Astronomy 
Observatory, which is operated by the Association of Universities for Research in Astronomy, Inc. (AURA) 
under cooperative agreement with the National Science Foundation (NSF). 
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A journal of the spectroscopic observations is given in Table [2|, and the resulting ex- 
tracted and reduced spectra are detailed in Figure [51 
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Fig. 5. — Temporal evolution of the spectrum of 07qd with a boxcar smoothing of 3 pixels 
in order to clearly show major features. Times in this figure are given in days past i?-band 
maximum, telluric absorption has been removed, and wavelengths have been corrected to 
the rest frame. No extinction corrections have been applied. 



3. Analysis 



3.1. Energetics 



We infer a rise time of 10 ±2 d ays based on the non detections in the SDSS-II data, much 



shorter than that of typical SN l a (IHavden et a. 



the light-curve fitters MLCS2k2 flJha et al.ll2007f ) and S ALT2 flGuv et al.ll2007f) to the 07qd 



20101) ■ We b egan our analysi s by applying 



05hk, 02cx, and 08ha data using the SNANA platform (JKessler et al.ll2009bl ). The resulting 
fits were of very poor quality, with x^ > 60 per degree of freedom, suggesting the inability 
of these algorithms, trained on normal events, to fit the colors and light-curve shapes of 
02cx-like peculiar supernovae. 



We decided to take a simple approach and estimate the i?-band light-curve stretch 
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( JGoldhaber et al.ll200l[ ) versus peak brightness for the pecuhar events and some more nor- 
mal SN la. We used SNANA (JKessler et aLll2009bl ) to convert from ugriz to the standard 
U BVRI for SDSS-II SN la with z < 0.12, verifying the uncertainty with the conversions 
of iFukugita et al.l ( 119961 ). SNANA apphes the MLCS2k2 K-correction algorithm, which is 
based on a color-matched normal SN la spectral energy distribution. This may introduce 
small errors due to differences in the spectral features between 07qd and typical SN la. 

For 07qd we find a maximum absolute magnitude (after correcting only for Milky Way 
Galaxy extinction) of Mb = — 15.4±0.2 mag. We estimate that the time of peak B brightness 
occurred on MJD 54405 ± 2, though the true value could be smaller due to the lack of 
data on the rise. The slopes of the blue light curves of 07qd flatten out rapidly after 10 
days. Consequently , Ami5(i?) Ri 1.5 mag for 07qd, or roughly the same as that of 05hk 
( iPhillips et al.l 120071 ). As seen in Figure [H 07qd clearly fades more quickly than does 05hk, 
suggesting that in this case, the measurement of Ami^{B) does not compare well with other 
SNIa. 

Based on our estimation of the rise time. Figure E] compares the absolute magnitude 
of 07qd a nd its -B-band st retch with those of 02cx, 05hk, 08ha, and the normal SDSS-II 
SN la (see ISako et al.ll2008l for a list of these SN). The low-redshift set of SDSS-II contains a 
handful of 91bg-like events with stretch parameters ~ 0.8, but 07qd and 08ha have narrower 
light curves and are much fainter. There appears to be a sequence connecting the bright, 
peculiar events 05hk and 02cx to the extreme 08ha with the intermediate 07qd in Figure El 

To examine the bolometric luminosities, a blackbody was flt to the ugriz spectral 
energy distribution (SED) as measured at B maximum brightness. Ultraviolet measure- 
ments shortward of u were not available for 07qd. 05hk and 08ha experienced sev ere pho- 
tospheric line blanketing at A < 3500 A JphiUips et all I2OO7I : iFolev et al1l2009h . which, 
along with our Keck spectrum (10 days past maximum), suggests that the luminosity of 
07qd drops off sharply at that point. U sing a Hubble constant of Hq = 73 km s~^ Mpc~^ 
(JFreedman et al.l I2OOII : iRiess et al.l l2009l ) and our measured redshift, a luminosity distance 
of 177 Mpc {m — M = 36.2 mag) was computed. Integrating our SED (corrected for 
Milky Way extinction) and applying our luminosity distance, we calculated the pea k quasi- 
bolometric luminosity to be (4.4 =b 0.5) x 10^^ ergs s~ ^. Assuming "Arnett's rule" (jArnett 



19821 : lArnett. Branch, fc Wheeled Il985l ) as applied by IStritzinger et al.l (120061 ) , we estimate 
the synthesized ^^Ni mass using the ratio of maximum luminosity to the luminosity produced 
by one solar mass of ^^Ni, 



Mm = L„,ax/^Ni(lM0) = 



(4.4 ±0.5) X 10^^ ergs s 



-1 



a(6.45e-*R^Ni + 1.45e-*R^co) x lO^^g^-gg g-i y[- 



1' 
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Fig. 6. — Light-curve stretch factors are compared to the absolute magnitudes of pecuhar 



SN la (open circles) along with SDSS-Il SN la at 2 < 0.12 (JFrieman et al.ll2008t ISako et al. 



20081 ) . Maximum B for 07qd is based on an estimated 10-day rise time. No correction for 
host-galaxy extinction has been made. 



where Ani = 1/8.8 days and Aco = 1/111.3 days are the e-folding times for ^^Ni and ^^Co, 
respectively. Thus, for our maximum possible tR = 10 ± 2 day rise time, we estimate an 
upper limit of Mni = 0.013 ± 0.002 Mf;^, which is nearly a factor of 5 larger than that of 



08ha [(3.0 ± 0.91 x 10"^ M^: iFolev et al.l l2009|. but still much smaller than that of 05hk 



[~ 0.22 Mq; iPhillips et al.ll2007j . Here, we assume that t he efficiency of radioactive energy 
deposition a is unity (see discussion in lHowell et al.ll2009l ). 



The ejecta raass may be estimated by utilizing the treatments of lArnettI (Il982[ ) and 
Pinto fc Eastman! (l2000alJb[). as s umin g an opacity of 0.1 cm^ g~^, as per an Fe II spectrum 
in the same vein as lFolev et al.l (20091). Compa ring 07qd to a typical SN la of kinetic energy 



10 ergs, rise time 17 days ( iHayden et al.ll2010f ). and photospheric velocity 10,000 km s , we 



derived an ejecta mass of 0.15 Mq. This could be even lower if the rise time of 07qd is under 
10 days or using higher estimates of standard SN la rise times. Based on a photospheric 
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velocity 3 days past maximuni brightness of 2800 km s~^ (see §3.2.1), this translates to a 
ki netic energy of ^ 2 .0 x 10^^ ergs. This is similar to the kinetic-energy estimate of 08ha 
by iFoley et al.l (120 lOf ). but roughly an ord er of magnitude low er than the ~ 8 x 10^" ergs of 
05hk based on its photospheric velocity ( iPhillips et al.l 120071 ). Typical SN la contain ^^Ni 



masses between 0.1 an d 1.0 M^t) and ejecta m asses ranging from 0.5 Mq for SN 1991bg to 
the canonical 1.4 M© (jStritzinger et al.ll2006l ). Both of these values are significantly larger 
than our findings for 07qd. 



3.2. Spectroscopy 



We used SYNOW (JFisher et al.l 119971 : iFisher Il2000l ). a parameterized supernova spec- 
trum synthesis code, to fit our spectra to profiles of various ions at specific velocities, exci- 
tation temperatures, and opacities. These ions are simulated in an expanding photosphere 
of a chosen blackbody temperature, and the resulting spectra can be compared with data. 
We systematicall y fit our spectra wit h ion s commonly seen iri SN la at similar epochs (Fe II, 
Co II, Si II; see iHatano et al.l Il999l and iMaeda et al.l |2010| for lists of expected ions and 
isotopic yields), and attempted to simulate hydrogen and helium to rule out the possibility 
of a Type II or lb SN. The photospheric velocity was fixed at each epoch by the best fit for 
the Fe II lines, and subsequent elements were fit either residing in that photosphere or at 
detached velocities. After confirming the presence or absence of these species, we tried to fit 
elements uncommon to normal SN la in order to fit any remaining line profiles. 

We also attempted to use Na I D host and interstell ar absorption to measure dust extinc- 
tion though the procedures of iMunari fc Zwitteii (119971 ). The low signal-to- noise ratio of our 
spectra, combined with features at various velocities scattered throughout the continuum, 
created too much uncertainty in these equivalent widths to fix an extinction value. 



3.2.1. +3 Days Spectrum 

Figure |7] and Table |3] present the results of our SYNOW fit to the spectrum 3 days 
after maximum brightness, as well as a decomposition of the fit to show the influence of 
each ion. We found from the Fe II lines a photospheric velocity of 2800 km s~^, which is 
extraordinarily lo w. Typical SN la photospheric veloci ties at this epoch are often in excess 
of 10,000 km s~^ (jPskovskii Ill977l : iBranch et al.lll98ll ). The low velocities found for most 
of the regions makes it highly unlikely that the strong feature at 6300 A is from hydrogen 
or helium either in the photosphere or detached. The best fit to the 6300 A absorption was 
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Si II, since the velocity of Fe II was constrained when fitting the ~ 6100 A, ~ 6200 A, and 
~ 6400 A features as well as others in the bluer spectral regions. Si II fit the absorption best 
when at a velocity of 800 km s~^ lower than that of the iron-group ions. Also prominent in 
the ~ 6100 A region is a broad primary O I line. The secondary signatures of O I are weakly 
detected at ~ 5300 A, but masked at ~ 6400 A due to the strong Si II feature nearby. 



Si III and C III were implemented in a manner similar to that used by IChornock et al. 



(120061 ) to help Co I I shape the area a round ~ 4600 A. C II, also present in the maximum-light 
spectrum of 08ha ( Foley et al.ll2010l ). was necessary for an absorption feature at ~ 6550 A . 



Our S YNOW fits suggest the presence of Mg I, Ti I, Cr I, Ca II, and Al I. iHatano et al. 



(119991 ) do not predict these species in a thermonuclear explosion when Si III is strong. It 
is likely that the features we attribute to these ions are due to other unidentified species or 
different velocities for existing ones, though we cannot definitively rule out these unusual 
identifications . It s hould also be noted that C I, O II, Ni II, and Co III, predicted by 
Hatano et al.l (119991 ). may be added with little effect on the overall fit. We were unable to fit 
the absorption between 3800 and 3900 A at this photospheric velocity with anything other 
than K II, though its inclusion would introduce other discrepancies to the fit. 



3.2.2. +10 Days Spectrum 

The SYNO W fit in Figure El i s derived from parameters used to fit 02cx at 12 days 
past maximum (JBranch et al.l 120041 ). except the velocities and blackbody temperature have 
been reduced to accommodate the unique nature of 07qd. This fit was chosen due to its 
consistency in representing 08ha, 02cx, and 05hk at similar epochs, as is seen in Figure 
O The similarity is especially apparent with 08ha, which shares most absorption features 
with 07qd. The relative shift between these two spectra was measured to be ~ 800 km s~^; 
the photospheric velocity of 08ha at this epoch is 2000 km s~^, while the best-fit SYNOW 
photosp heric velocity of 7qd is ~ 2800 km s~^ with a blackbody temperature of 8000 K. 
Though iFoley et al.l (120091 ) found an excellent match to the 14-day spectrum of 08ha with a 
low photospheric velocity of only 600 km s~^, we attempted our fits with the Fe II estimated 
velocity of 2000 km s~^. 

Much of the continuum is dominated by narrow Fe I I lines, with Co II play ing a large role 
below 5000 A as well, consistent with most iron-core SN ( Harkness et al. II 19911 ). The modified 
SYNOW fit also continues to include a prominent Si II feature at 6300 A necessitated by 
the inability of Fe II to fit it without losing other features. This Si II resides within the 
photosphere and enhances the spectrum at ~ 4100 A, but less so at ~ 3850 A and ~ 
5025 A. The carbon and vanadium measured at 3 days past maximum are not prominent 
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Fig. 7. — The spectrum of 07qd at 3 days past maximum (top) and the best SYNOW fit 
(gray hne). The contribution of each individual species is also shown. All spectra have been 
normalized, while the data and combined fit have been scaled up by a factor of 2 for clarity. 
Our more confident identifications are presented near the top while lines at the bottom are 
less likely. 
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Fig. 8. — Normalized 07qd spectrum 10 days after maximum, with SYNOW fit and its 
constituents. Again, the data and combined fit have been scaled up by a factor of 2 for 
clarity, and species are listed roughly in order of decreasing confidence. 
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Fig. 9. — Co mparison of the sp ectrum of 07qd at 10 days past maxi mum brightness with 
that of 08ha JPolev et ahlbnOQl ). 05hk JphiUips et aPboOTh . and 02cx Jsranch et al.ll2004l ) 
at similar epochs (10 days for OSha, and 12 days for both 05hk and 02cx). All spectra have 
been appropriately shifted to their rest frames. Each feature of 07qd is redward of those 
of 05hk and 02cx, indicating significantly slower photospheric velocities, while only slightly 
blueward of those of OSha. 



at any ionization stage. The ir existence cannot be ruled out, in part due to the influence 
of the dominant Fe II lines (JBaron. Lentz. Sz Hauschildtl l2003l ) . The Cr II in the 02cx fit 



by [Branch et al.l (120041 ) is also not necessary, as there is insufficient data to examine regions 



below 3750 A at this and later epochs. We were unable to identify any ionizatio n stage of Ti 



at this epoch, despite the possibility of observing Ti I at 3 days past maximum. iFoley et al. 



( 120091 ) identified Ti II at the same epoch in OSha, but its addition here does little to the 
overall fit. Other ions include Sc II (for the absorption at 5450 A) and Ca II (for the H&K 
lines). The secondary absorption lines S II are no longer apparent at this epoch, as Sc II is 
able to effectively represent the 5400-5700 A region without aid. 

The signal-to-noise ratio of the data appears to be lower than it actually is, due to the 
low-velocity nature of this particular photosphere. Much of the absorption blending in the 
regions blueward of 4500 A proved difficult to fit with SYNOW models, especially where 
P-Cygni proffies are no longer apparent; it is suspected to be a consequence of the narrow 
absorption features of several iron-group elements. 
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Ha and helium ions were tested in SYNOW fits, though no match could be found. We 
expect and observe host-galaxy Ha emission at 6563 A, though just blueward of this feature 
we see a small absorption that we identify with C II. The nature of the trough at ~ 6750 A 
is unclear at this time; very few ions are capable of modeling it without severely affecting 
the fit elsewhere. He I was of parti cular interest i n the SYNOW fit to the 08ha spectrum 13 



days past maximum c onducted by IValenti et al.l ( l2009l ) and to SN 2007J, another 02cx-like 



SN ( jFoley et al.ll2009l ). but the Na I D line dominates over the predicted He I line. At 10 



days past maximum, all other He I features fail to match the spectrum. 



3.2.3. Spectral Evolution and Similarity to Other SN la 

Using these SYNOW fits to the individual epochs, the spectral evolution of 07qd given 
in Figure |5] provides a detailed picture of a developing photosphere. Examining the contri- 
butions near ~ 4550 and ~ 5200 A present at 3 days but absent at 10 days, Fe HI has either 
greatly fallen in opacity or recombined into Fe II, which has increased in infiuence. Na I 
and S II have also decreased in intensity, but remain crucial to the region between 5000 and 
6000 A. 

The Si II feature endures through two weeks past maximum, but its strength has less- 
ened, becoming roughly equal to that of Fe II by day 15. Much of the spectrum in the blue 
region was not measured at subsequent epochs, though extended red wavelengths are given, 
revealing probable O I and O II signatures. It is apparent, however, that the early-time 
spectra beyond 8000 A demonstrate the presence of the Ca II near-IR feature, though the 
Ca II H&K near-UV lines persist. Blackbody temperatures have fallen to 8000 K at 8 days 
past maximum and to 6000 K at 13 days, further intensifying the infiuence of Fe II profiles 
over the continuum. It remains to be seen whether the other unidentified line profiles can 
be remedied with more exotic ions. 

Figure |9] shows the spectra of four 02cx-like SN la compared at similar epochs. 07qd 
clearly bears the strongest resemblance to 08ha; very few features differ. 02cx and 05hk 
exhibit much faster photospheres than 07qd and 08ha, and are likewise shifted toward the 
blue. T he faster photosphe re and higher excitation temperatures used in the SYNOW fit 



of 02cx ( iBranch et al.l l2004l ) broaden many of the Fe II lines, effectively masking the pri- 
mary Si II absorption, but other major velocity features remain consistent. It should be 
noted, however, that SYNOW's highly parameterized fitting routine permits many degrees 
of freedom. 

In order to independently identify these IMEs outside of models, we directly compared 
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spectra of 07qd with those of other confj rmed SN la. Of special interest is the spectral relation 
of 07qd to SN 2004eo (hereafte r 04eo; iPastorello et al.l 120071 ) . Similar to the prototypical 
SN 1992A (JHamuy et al.lll996d ). 04eo is characterized as a fast-declining SN la with slow 
photospheric velocities. However, it retains an absolute B maximum of —19.08 mag (within 
the range of "normal" SN la) and still fits the Phillips (1993) relation. Spectroscopically, 04eo 
contains strong Si II and S II lines, typical of SN la. When the spectra of 07qd are blueshifted 
to coincide with the photospheric velocity of 04eo, many common features become apparent, 
especially the Si II and S II lines. Figure [TU] shows a normalized comparison between early- 
time spectra of 07qd and 04eo that highlights both the presence and the relative strengths 
of these lines. 
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N ormali zed spectrum of 07qd compared with that of SN la 2004eo 



( iPastorello et al.l 120071 ) and shown in the rest frame. The day 3 spectrum of 07qd has 
been convolved with a 30 A FWHM Gaussian and blueshifted by 5500 km s~^ to emphasize 
the similar Si II and S II features. 



Similarly, we may compare the maximum-light spectra of 07qd, 08ha, and 05hk, as seen 
in Figure [TTl The spectra of both 07qd and OSha, with photospheres blueshifted by 2000 
km s~^ and 1750 km s~^ (respectively), mirror many of the major features. Although the 
Si II and S II profiles are noticeably stronger in 07qd and OSha, their presence in 05hk is 
clear. The similarity between 07qd and 05hk below 5000 A is striking — identical structures 
in this region are indicative of similar iron-group contributions. 

The greatly different photospheric velocities apparent in 07qd and 05hk are examined 
along with 02cx and OSha in Figure [121 suggesting a relation between the luminosities and 
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Fig. 11. — Normalized spectra of peculiar SN la, observed near maximum brightness. The 
spectra of 07qd and 08ha have been blueshifted by 2000 and 1750 km s~^, respectively, to 
roughly match the photospheric velocity of 05hk. 07qd and 08ha have also been convolved 
by 50 A FWHM Gaussians, while 05hk was smoothed with a 5 A FWHM Gaussian. 



expansion velocity in these peculiar cases. We used the Fourier cross-correlation subroutine 
(FXCOR) in IRAF to determine the average offset of the similar features in these spectra, 
namely the Fe II and Si II lines. The average photospheric velocities of 07qd are faster than 
those of 08ha at all epochs when both have measured spectra, but lower than those of any 
other 02cx-like event. We compare at 10-12 days past maximum because it is here that we 
have spectra of all four of these 02cx-like SN. To first order, we extrapolated the photospheric 
velocity of 07qd at maximum to be roughly 200 km s~^ greater than that of OSha, implying 
a larger kinetic energy by a factor of 1.14 (assuming the same ejected masses for both SN). 
Since our calculation in § 3.1 assumes nickel mass is directly related to luminosity and varies 
with the rise time by a ~ 7% change in ^^Ni mass per day, the rise-time dependence is small. 
As a result, the plot of the photospheric velocity versus peak luminosity suggests that the 
^^Ni yield (via maximum brightness and rise time) and kinetic energy per unit mass (via 
photospheric velocity) are correlated in 02cx-like events. 

Through FXCOR, the average rate of decline in the photospheric velocity is found to 
be 93 ± 15 km s^^ day^^ for the 6355 A Si II line and 70 ± 21 km s^^ day^^ for the other 
absorption features (dominated by Fe II). Bot h of these values gro up the velocity evolution 
of 07qd amongst the faint SN la described by iBenetti et al.l (120051 ) . and they are smaller in 
magnitude than those of OSha (142 ±26 km s~^ day~^ for Si II and 110 ±10 km s~^ day~^ for 
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all other ions). It is difficult to determine the Si II velocities af ter maximum brightn ess for 
05hk and 02cx since they are quickly blended with Fe II lines. iPhillips et al.l ( 120071 ) found 
for both 05hk and 02cx that the velocities of the 4555 A Fe II line and the Ca II H&K 
lines remained constant at roughly 6000 km s~^ for several weeks, implying that the overall 
expansions were quite slow even for typical SN la. If we assume a constant deceleration 
through late times, the 700 km s~^ Fe II lin es found 227 days past maximum in 02cx imply 
a 23 km s~^ day~^ decline ( jJha et al.l 120061 ). 



-20- 



60 



S, -18 - 



B 

3 

s 




2000 4000 6000 8000 10000 12000 14000 
Photospheric Velocity, 10 days Past Maximum [km s"'] 



Fig. 12. — Estimated photospheric velocities at ~ 10 days past maximum brightness are 
referenced by their maximum absolute magnitude (based on a ~ 10 day rise time for 07qd). 
The "typical" point in the upper-right corn er is the root-raean sq uare maximum B magnitude 
and velocity of the normal SN la found by lBenetti et al.l ( l2005l ). 



3.3. Host Galaxy 



The host galaxy in Figure [T] shows a prominent bar and two major spiral arms. The 
low inclination allows minor spiral arms to be distinguishable, one of which contains the 
location of 07qd. The classifications of SBb or SBc suggest ongoing st ar formation, but 



02cx-like SN la ap pear to span a wide variety of galactic morphologies (JFoley et al.l 12009 



Valenti et al.ll2009l ). The Keck-I spectrum also included the host galaxy's core in the long 
slit, allowing a m easurement of the o xygen abundance. We used both the optimized method 
recommended in iKewley fc Dopital ( 12002| ) and the [N II] /[O II] diagnostic to arrive at an 
oxygen abundance in the host galaxy of 12 + log (0/H) = 8.79 ± 0.03. This is equivalent to 
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the Sun's oxygen abundance of 8.76 ± 0.07 (ICaffau et al.l 120081) , but i t exceeds that of the 
host galaxy of 8ha, measured to be 8.16 ± 0.15 by Foley et al.l (120091 ) using N2 and 03N2 
diagnostics (see lPettini fc Pagell 120041 ). 



Discussion 



The striking similarity of the +10 day (relative to B maximum) spectrum of 07qd to that 
of 08ha suggest that they are indeed similar explosions. Since 07qd is also spectroscopically 
linked to 05hk and thus to 02cx as well (see Figure ITT]) . these four peculiar events range in 
peak luminosity by 4 mag, but constitute a single spectral class. 



Valenti et al.l (120091 ) argued that 08ha and possibly other 02cx-like objects are actually 
core-collapse SN; their low luminosity is the result of either the collapse of a > 30 M0 star 
directly to a black hole, or electron capture in the core of a 7-8 Mq star. However, the clear 
presence of IMEs (notably Si II A6355 and S II AA5968, 6359) in 07qd suggests low-density 



thermonuclear burning and not a core-collapse SN lb or SN Ic explosion (see iFilippenko 
19971 for a review of SN spectroscopic classification). Except for the photospheric velocities, 
the spectra of 07qd are similar to those of SN 1992A-like SN la, further strengthening the 
arguments that it is a thermonuclear runaway. 



The presence of these IM Es mirrors the findin gs of iFolev et al.l (12010 



obser ved with traces of Si II (IValenti et al.l 120081 ) or S II ( JNomoto et al. 



SN Ibc have been 



2000; Brown et al. 



20071 ). However, these lines are quite strong in 07qd, suggesting that it is a SN la rather 
than a core-collapse event. Additionally, the light curve of 07qd, though displaying a sharp 
rise that is unusual for a typical SN la, does not show the fast decline typical of a low- 
luminosity SN Ic or the "plateau" of a SN IIP that achieves similar peak luminosity. The 
energy released by 07qd is substantially lower than that of normal SN la, but the predicted 
nickel mass serves as an intermediate example between 08ha and 05hk, further linking the 
two. 

When compared with other 02cx-like SN, spectra of 07qd mirror that of 08ha and display 
striking relationships to others. These comparisons also imply that strong Si II is possible 
in 02cx and 05hk, though "disguised" by Fe II blending due to their higher photospheric 
velocities. The fast evolution of 07qd suggests that these IMEs are only detectable for a 
brief time, and become masked by Fe II or recombine as the photosphere slows and cools. 
The presence of carbon an d oxygen ions in the p hotosphere echoes the results of deflagration 
models including those of iGamezo et al.l (120041 ). suggesting the presence of unburned white 
dwarf material and supporting that this class stems from such a progenitor. 
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Also of interest is the "SN .la" model, which concerns doubly degenerate white dwarf 
pairs undergoing a h elium flash strong en ou gh to produ c e ^^N i and absolute V magnitudes 



as low as —15 mag ( iBildsten et al.l 120071 ). IShen et al.l (|2010[ ) used this model to predict 



the luminosities and rise times that we observe, but also spectra dominated by the He- 
burning products Ca and Ti (detected but not prominent). Combined with the low observed 
expansion velocities, we find 07qd to be an unlikely SN .la candidate. 

Our estimated radioactive nickel yield for 07qd (~ 0.01 M©) is extremely small, and 
it is difficult to understand how such a weak thermon uclear explosion could disrupt a 
Chandrasekhar-mass white dwarf. IWoosley et al.l (120071 ) found that a minimum of 4.6 x 
]^g50 gj^gg Qf nuclear energy is required to unbind a Chandrasekhar-mass white dwarf, and 
that can be achieved by producing 0.3 Mq of ^®Ni. This amount is more than ten times 
the ^^Ni yield we estimate for 07qd. Of course, nonradioactive elements might dominate the 
nuclear energy term; for example, the production of 0.37 M© of IMEs could also disrupt 
the star. Ho wever, the synth e sized elements in three-dimensional pure- deflagration models 
discussed by iBlinnikov et al.l (120061 ) are dominated by the iron peak, especially ^^Ni, over 
IMEs. It is also possible that the synthesis of nonradioactive ^^Ni or other stable iron-group 
elements may supply at least some of the kinetic energy. 



To estimate the nickel yield, we have applied "Arnett's rule" (jArnettlll982l ). which allows 
us to use the peak luminosity as an indicator of the radioactive energy deposition. The rule 
assumes that nearly all of the energy produced by nickel and cobalt dec ays is trapped and 
convert ed to ultraviolet, optical, and infrared radiation. Calculations by iPinto fc Eastman 
(J2000al ) indicate that complete trapping is an excellent approximation for the flrst month 
after the explosion when the nickel distribution is concentrated toward the center. 

Deflagration models suggest that R ayleigh- Taylor in s tabili ties cause hot nickel bubbles 
to rise as cooler unburned material sinks. IBlinnikov et al.l (120061 ) flnd fairly uniform distribu- 
tions of ^^Ni in radially averaged three-dimensional pure-deflagration simulations. This leaves 
more radioactive nickel in the outer layers of the ejecta than predicted in det onation mod- 



els an d implies that some of the radioactive energy will be lost. Additionally, ICalder et al. 



(120041 ) suggest that highly asymmetric deflagrations could both unbind a white dwarf and 
provide the mechanism through which heavy iron-group elements may be transported to the 
surface without a detonation. 



The ej ected mass estimated for 07qd is very low, as is the case for 08ha (JFoley et al. 



20091 . I2OIOI ) , perhaps suggesting a sub-Chandrasekhar mass explosion. However, e ven normal 
SN la events such as SN 1992A (ICappellaro et al.l 119971 : IStritzinger et al.l l2006l ) appear to 
have ejected less than a Chandrasekhar mass of material based on similar assumptions. 
91bg-like events also give signiflcantly low ejected masses from the methods currently being 
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applied. We suspect that some important physics is being ignored in the ejected mass 
calculations and the results should be considered ambiguous. 

The presence of cobalt and high photospheric temperatures in the early-time spectra 
supp ort the conjecture t hat ra dioact ive elernents w ere mixed up to the outer layers of 07qd. 
But iPinto fc Eastman! (J2000al ) and iJefferyl (119991 ) show that a uniform ^^Ni distribution 
should only result in a 10% to 30% error in the nickel-mass estimate from Arnett's rule, not 
the order of magnitude needed to reconcile the energetics. An "inverted " SN la, where most 
of the nickel is in the outer layers of the ejecta (assume IJefferyl Il999l q values are < 1/3), 
would result in inefficient 7-ray deposition and extreme violation of Arnett's rule. Such a 
^^Ni distribution, however, is likely to result in the ejecta turning optically thin to 7-rays 
very early. 



Stritzinger et al.l ( 120061 ) used the characteristic time for SN la to become optically thin 



to 7-rays, to, as a way to estimate the ejected mass and kinetic energy. They found that to 
ranges b etween 2 5 and 35 days for normal SN la, coinciding with a range of ejecta and nickel 



masses. IJefferyl (1l999l ) showed that for a fixed ejecta mass, opacity, and density structure, 
to ~ g^/^, so pushing radioactive nickel away from the center (smaller nickel concentration 
parameter q) will shorten the time it takes for the ejecta to become optically thin. Figure 
[T3] shows the quasi-bolometric luminosity curve (constructed from ugriz photometry) for 
07qd and displays radioactive energy deposition curves parameterized by the fiducial time, 
to- For high optical depths, the curves should obey Arnett's rule and pass through the 
light-curve maximum. The models that become optically thin to 7-rays soon after explosion 
have the freedom to be shifted to higher nickel yields as the radioactive energy deposition 
will match the luminosity after maximum light. The best match to the observations is for 
to > 40 days, suggesting the ejecta are efficiently trapping radioactive energy a month after 
maximum brightness. The optically thin curves decline much faster than the data, implying 
that Arnett's rule applies even for this weak explosion. 02cx and 05hk, measured more 
than 200 days past maximuna, cori tinued to exhibit narrow P-Cygni profiles in t heir spectra 



(iJha et al.l l2006t ISahu et al.l l2008l ) . 08ha appears to be consistent with this (JFoley et al. 



2010l ). so 07qd may be relatively opaque to optical photons and 7-rays for some time. 



4.1. Conclusions 



Analyzing the photometry and spectroscopy of 07qd, we find the following. 

(1) 07qd was spectroscopically similar to both 08ha and 05hk. Strong lines of Fe II and 
Co II are present in spectra of all three objects, while Fe III and IME features are most 
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Fig. 13. — The quasi-boloinetric luminosity of 07qd estimated from the SDSS-II ugriz pho- 
tometry versus days from maximum hght. The arrows indicate luminosity upper limits from 
nondetections. The lines show models of radioactive en ergy deposition which vary in their 
time to become optically thin to 7-rays (jjefferylll999l ). The models fade faster than the 
observations for to < 40 days, implying that the 7-ray trapping is efficient for a month after 
maximum light, similar to the fiducial time for normal SN la. 



visible at early epochs, though their optical depths decline quickly. 

(2) The explicit presence of a variety of IMEs in the early-time spectra implies the 
thermonuclear defiagration of carbon and oxygen and shows 07qd to be inconsistent with a 
core-collapse event. 

(3) Correlations exist between 02cx-like peak luminosity, photospheric velocity, and 
light-curve stretch, and the events span a sequence from 08ha to 02cx. 

(4) The diminutive peak luminosity of 07qd implies that the ^^Ni yield was quite small, 
lying between that of 08ha and 05hk. 



Findings (1) and (2) point toward thermonuclear burning during the explosion of 07qd, 
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while points (3) and (4) emphasize that 07qd completes a sequence of 02cx-hke SN la 
both energetically and spectroscopically. The composition and velocity of the ejecta sup- 
port the pictur e of a deflagration. However, deflagration models such as 1_3_3 used by 



Blinnikov et al.l ( l2006l ) do not predict the short rise time and small nickel mass seen in 07qd 
or 08ha. The small amounts of synthesized radioactive nickel argue against the unbinding 
of a Chandrasekhar-mass progenitor, but if the fusion is dominated by IMEs at the expense 
of nickel, the explosions of massive white dwarfs are still possible. Other possible scenarios 
are as follows. 

(a) The explosions are thermonuclear with sub-Chandrasekhar masses. This would 
decrease the progenitors' gravitational binding energies, thus lowering the ejecta masses and 
internal energies needed to disrupt the stars. 

(b) Arnett's rule does not apply to this class of objects, implying that the ^^Ni mass 
is significantly underestimated. The bolometric hght curve of 07qd, however, suggests that 
Arnett's rule is operational to some degree. 

(c) The explosions are actually core-collapse scenarios that have somehow managed to 
synthesize significant amounts of Si and S. 

The low velocities and energies present in 08ha and 07qd enable the analysis of many 
aspects of 02cx-like SN, otherwise hidden by the Fe II blending present in 05hk and 02cx. 
Though the velocities and energies span a wide range, together they constitute a well-defined 
group of peculiar SN la. 
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a, 6 



Table 1. Observed SDSS Photometry of 07qd in Flux Densities' 



MJD u [/iJy] g r i z 

54346.41 -0.010 ± 2.726 1.620 ± 1.230 0.880 ± 1.235 -0.730 ± 1.281 -1.100 ± 3.851 

54348.41 -1.780 ± 1.614 0.610 ± 0.648 1.520 ± 0.698 0.200 ± 1.019 1.600 ± 3.929 

54355.42 1.500 ± 2.146 -0.470 ± 0.530 0.410 ± 1.111 -0.370 ± 1.813 5.870 ± 5.868 
54358.37 4.310 ± 1.878 0.870 ± 0.530 -0.000 ± 0.707 -1.480 ± 1.159 -1.940 ± 4.186 

54365.40 0.000 ± 0.971 -0.180 ± 0.315 0.000 ± 0.496 -1.500 ± 0.719 -1.470 ± 3.225 

54381.42 1.400 ± 1.165 0.010 ± 0.362 -0.090 ± 0.590 -0.340 ± 0.790 -4.300 ± 3.010 

54384.43 1.550 ± 1.396 0.130 ± 0.393 -0.580 ± 0.557 -2.860 ± 0.817 -5.780 ± 3.438 

54386.41 0.260 ± 1.478 0.080 ± 0.489 0.230 ± 0.634 0.670 ± 0.846 -1.960 ± 4.057 

54388.42 0.240 ± 1.431 0.270 ± 0.399 0.060 ± 0.587 -0.250 ± 0.779 2.090 ± 3.177 
54392.42 -0.840 ± 1.554 -0.420 ± 0.556 1.160 ± 0.837 0.120 ± 1.228 -1.630 ± 4.251 
54393.42 2.100 ± 1.731 -0.020 ± 0.564 -0.670 ± 0.546 -0.050 ± 0.850 3.650 ± 4.373 
54396.29 -7.950 ± 7.556 -2.870 ± 3.713 0.720 ± 2.329 - -3.160 ± 7.688 
54405.39 13.620 ± 2.416 19.170 ± 1.007 16.510 ± 0.990 15.750 ± 1.281 7.640 ± 4.463 
54406.33 6.930 ± 1.466 17.310 ± 0.638 17.080 ± 0.709 15.930 ± 0.912 17.020 ± 2.989 
54412.35 2.470 ± 1.702 9.760 ± 0.514 15.720 ± 0.899 13.850 ± 1.204 15.080 ± 4.166 

54416.32 0.920 ± 1.072 6.350 ± 0.388 14.140 ± 0.574 13.620 ± 0.769 17.010 ± 3.035 

54421.33 3.480 ± 1.736 5.250 ± 0.502 13.290 ± 0.797 11.980 ± 1.110 12.360 ± 4.757 
54423.31 1.060 ± 1.924 4.200 ± 0.829 12.460 ± 1.058 13.620 ± 1.197 19.620 ± 3.800 
54433.33 - 5.430 ± 1.501 8.780 ± 2.494 9.740 ± 2.832 5.980 ± 6.150 

^Not corrected for Milky Way extinction. 

'^Data associated with poor seeing have been omitted from this Hst. 
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Table 2. Journal of Spectroscopic Observations 



Telescope UT Date Time [UT] Days since Bmax Exposure [s] Range [A] 



TNG 


5 Nov. 2007 


02:06:10 


+3 


3 X 1800 


3673-7401 


HET 


10 Nov. 2007 


04:23:12 


+8 


1200 


4075-9586 


Keck 


12 Nov. 2007 


12:39:01 


+10 


1500 


3073-8800 


HET 


17 Nov. 2007 


03:58:29 


+15 


1200 


4074-9586 
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Table 3. SYNOW Parameters for Figure [7f'' 



Ion 


T 


^niin 


^max 


Vc 


-tcxc 


Nal 


0.3 


4.5 


8.0 


4 


10 


Nal 


0.5 


2.8 


4.5 


1 


10 


Nal 


0.1 


8.0 


10. 


2 


10 


Call 


10 


2.8 


3.0 


2 


12 


SII 


2.7 


2.8 


3.3 


2 


10 


Sill 


3.0 


2.0<^ 


CO 


1 


8 


Si III 


2.0 


2.8 


CO 


1 


10 


Fein 


0.7 


2.8 


oo 


1 


10 


Fell 


1.0 


2.8 


oo 


1 


10 


Coll 


3.0 


2.8 


oo 


1 


10 


CII 


0.02 


2.8 


oo 


1 


10 


C III 


0.5 


5.0 


8.0 


2 


10 


O I 


9.5 


2.8 


6.5 


3 


10 


O III 


1.8 


2.8 


oo 


1 


10 


Mgl 


0.5 


2.8 


oo 


2 


12 


Til 


1.0 


2.8 


oo 


1 


10 


Cr I 


2.0 


2.8 


4.0 


2 


10 


Cal 


2.0 


5.0 


oo 


1 


10 


All 


3.0 


2.8 


oo 


1 


10 



''Photospheric velocity of 2800 km s ^ and a 
blackbody temperature of 10,000 K. 

''Velocities are given in units of 1000 km s^^ 
and Tcxc values are given in units of 1000 K. 

'^Si II simulated individually at 2000 km s~' 
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Table 4. SYNOW Parameters for Figure [8f'' 



Ion 


r 


^niin 


''^max 


Ve 


-^CXC 


Coll 


10 


2.8 


3.8 


1 


8 


Fell 


10 


2.8 


3.8 


1 


8 


Call 


35 


2.8 


4.8 


1 


8 


Nal 


0.4 


2.8 


4.8 


1 


8 


Nal 


0.3 


4.0 


7.0 


8 


8 


Nal 


0.3 


7.0 


11.0 


3 


8 


Sill 


3.0 


2.8 


3.8 


1 


8 


Sell 


1.0 


2.8 


5.8 


1 


10 


O I 


1.0 


2.8 


oo 


1 


8 


O II 


0.2 


3.5 


oo 


1 


8 


O III 


2.0 


2.8 


oo 


1 


8 



^Photospheric velocity of 2800 km s ^ and 
a blackbody temperature of 8,000 K. 

'^Velocities are given in units of 1000 km s~^ 
and Tcxc values are given in units of 1000 K. 



